In many practical situations, high-temperature structures and components contain more than one crack. An interaction of such multiple cracks has significant influence on the service life of structures and components. In this paper, the interaction of two identical parallel edge cracks in a finite plate subjected to the remote tension is numerically analyzed. The results show that interaction effect of multiple cracks at creep regime is obviously greater than at linear elastic regime. The intensity of creep crack interaction increases with increasing creep exponent m. The crack intensity and the crack interaction limit at creep regime depend on crack distance ratio d/a, crack width ratio a/W and creep exponent m.
Introduction
With the increasing demand for reduced CO 2 emissions, the higher operating temperature and design stresses have been adopted in petrochemical and chemical plants and power generation systems to improve the efficiency in energy conversion [1] . This increases the risk of structure failure under creep conditions because the existence of crack-like defects below detection limit cannot be excluded.
In many practical situations, high-temeprature structures and components contain more than one crack. The interaction of multiple cracks changes the stress field around the crack tip and hence changes the crack growth rate. A good understanding of the crack interaction is therefore essential for integrity assessment of the cracked components.
There are several fitness-for-service codes, such as ASME Section XI [2] , API579 [3] , BS7910 [4] , R6 [5] and GB/T 19624 [6] , that treat multiple cracks as a single crack if distance between them satisfies a prescribed criteria. However, it should be noted that the multiple crack combination rules are designed to enable safe rather than particularly realistic assessment. This raises the question of whether these rules are in some cases uncertain or too conservative. This especially applies to the case when the structural damage is caused by the phenomenon of creep.
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Structure integrity assessment can be done using different fracture mechanics parameters depending on actual fracture mechanisms. The stress intensity factor (SIF) [7] is applied in the linear elastic fracture mechanics. In the elastic-plastic fracture mechanics, as parameters are used J-integral and crack tip opening displacement (CTOD) [7] , which take into account the influence of plastic deformation. For the structure operating at creep regime, the rate dependent parameter C*-integral [7] is generally used in crack assessment.
Most previous studies have focused on investigation of single cracks and analysis of the interaction of multiple cracks under linear-elastic and elastic-plastic fracture mechanics conditions [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . There are only a few studies that have focused on multiple cracks interaction under creep regime [18] [19] [20] . These studies analyze the interaction between twin through wall cracks [19] [20] or between twin semi-elliptical surface cracks [18] in finite width plate under tension. Cracks were either in parallel or in coplanar relative position. When twin coplanar cracks are close enough, the stress field around the crack tip will be magnified and hence accelerates the crack growth rate. In contrast to the interaction of coplanar cracks, the stress field around the crack tips of twin parallel overlaped interactive cracks will be decreased due to the shielding effect. For a given crack geometry and position, more pronounced interaction is observed under creep condition compared to that under the linear-elastic range. Also, multiple crack interaction is greater for larger values of the creep exponent m.
Very little attention has been paid on the interaction of multiple edge cracks in parallel position. There are only a few studies that have analised twin parallel edge cracks in tension loaded finite width plate under linear-elastic conditions [21] [22] [23] . The crack interaction of these cracks is reduced as the distance between cracks increases, thus resulting in linearly decrease of stress shielding effect before converge at certain value. Distance between cracks where the cracks stop interact is called crack interaction limit.
In this study, numerical simulations of interaction were carried out to investigate the effect of crack distance ratio, crack width ratio and creep exponent m on interaction intensity and on the determination of crack interaction limit under creep conditions. The finite element (FE) analysis were conducted to evaluate C*-integral of interacting twin parallel edge cracks in finite width plate under tension.
Finite element analysis
Generally, power law constitutive relationship is appropriate for modeling the stressstrain response under secondary steady state creep. Elastic-secondary creep constitutive relation is as follows:
where  denotes the uniaxial strain rate,  is the uniaxial stress rate, E is Young's modulus. A and m are the steady state creep coefficient and exponent, respectively. The creep fracture parameter C*-integral under steady-state creep condition is defined as follows:
where the notation  is used to denote the integral path around the crack tip in anticlockwise direction. T i is the outward traction vectors on ds, i u  is the displacement rate vector S161
components, x and y are coordinates in a rectangular coordinate system, and ds is the increment on the contour path . Strain energy rate density W  is given by
where  ij and c ij  denote the stress and creep strain rate tensors, respectively.
Using the concept of interaction factor in linear-elastic fracture analysis, one can define the interaction factor for double cracks under creep condition as follows [19] [20] :
where  c is the creep interaction factor defined as the square root of ratio of C* integral for double edge cracks to C*integral for a single edge crack in a finite width plate subjected to the identical remote tension. Elastic-secondary creep analysis of the FE model for this case were performed using the general-purpose FE program ABAQUS [24] . It is assumed that the material of the plate is homogeneous and isotropic. In this study mechanical properties of low alloy Cr-Mo steel were used. The material constants of elastic-secondary creep constitutive relation employed in FE analysis are listed in Table 1 [18] . Thus a total of 240 numerical calculation were performed in present work.
Although there is a plane of symmetry, the 2D model of the plate was done completely. Therefore, the seam crack is included in this model. The crack front is chosen to be equivalent to the crack tip. The direction of virtual crack extension at the crack tip is specified by the virtual crack extension direction. A small geometry change continuum FE model was employed. To avoid problems associated with incompressibility, eight node reduced integration elements for two-dimensional, plain-strain problems (CPE8R) were used. The total meshes varied in different models, but the same number of elements in mesh was used for the crack tip in all cases considered herein. The elements of innermost ring at the crack tip are degenerated into triangles. The three nodes along one side of the eight-node element are defined so that they share the same geometrical place. Each of the three collapsed nodes can be displaced independently. Fig 2. shows the typical FE mesh for a/W = 0.50 and d/a = 1.0. The mesh at the crack tip zone was extremely refined (as shown in Fig. 2b ). Five different integral paths around the crack tip were selected during the analysis and the average value of calculated C*-integral was used at all creep fracture analysis. The domain integral method was used to evaluate C*-integral in ABAQUS. The method is quite robust in the sense that accurate contour integral estimates are usually obtained even with quite coarse meshes. The method is robust because the integral is taken over a domain of elements surrounding the crack and because errors in local solution parameters have less effect on the evaluated quantity of C*-integral [24] . Initially the edge crack is stress free. The tension load was first applied instantaneously to the FE model using an elastic calculation at time t = 0. The crack tip stress field is, thus, initially characterized by linear elastic fracture mechanics. The load was then held constant and subsequent time-dependent creep calculations were performed. For timedependent creep calculations, a combined implicit and explicit method was selected within ABAQUS for numerical efficiency. With the load held constant, subsequent creep defor-mation causes a relaxation of the crack-tip stresses until a steady-state stress distribution is reached. This stress state is characterized by path-independent integral C* defined by Eq. (2).
To gain confidence in the present FE analysis, the results of FE elastic stress intensity factor (SIF) solutions for single edge crack are compared with well-known solutions [25] in Fig.  3 , indicating small differences. The results are given using the dimensionless shape factor F. Table 3 compares the FE steady-state C* values with those estimated from GE/EPRI solutions [26] for selected values a/W = 0.25 and 0.50. The results are given using the dimensionless function h 1 (a/W,m). As expectedly, a good agreement was obtained, which provides us confidence on the FE modeling of twin edge cracks interaction analysis. In some cases, for different ratios a/W the crack interaction factor  c is lower than 1. Range of the ratios d/a in which the factor  c is lower than 1 is wider for lower ratios a/W. Thus, for example, in the case of the ratios a/W = 0.15, 0.10 and 0.05 the factor  c is less than 1 in the entire observed range of the ratio d/a. On the other hand, for example, in the case of the ratio a/W = 0.35 the factor  c is less than 1 only in range of the ratio d/a < 1. Figure 7 shows the influence of crack distance ratio d/a on the interaction factor  c for different crack width ratios a/W and selected creep exponent m = 5. There is a great similarity between the corresponding graphs shown in Fig. 6 and 7 . The entire discussion of the results in Fig. 6 can be applied to the results in Fig. 7 . However, one can see the difference in interaction intensity between the case in Fig. 6 and the case in 
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Conclusions
Interaction effect on C* parametar of twin parallel edge cracks in plate under tension has been analyzed on the basis of the comprehensive FE creep calculations. The main conclusions are listed as follows: -The interaction effect of multiple cracks at creep regime is obviously greater than at linear elastic regime, which should be taken into account when assessing the integrity of high-temperature component with crack-like defects. -The interaction effect of multiple cracks at creep regime is influenced by crack distance ratio d/a, crack width ratio a/W and creep exponent m. -The present FE calculations have proven the abilities to define the crack interaction limit in creep regime, which also depends on values of crack distance ratio d/a, crack width ratio a/W and creep exponent m.
